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Introduction
A pharmacokinetic/pharmacodynamic theory of the cocaine self-administration paradigm states that in rats having acquired the behavior, cocaine-induced lever pressing occurs only when cocaine concentrations are above the priming threshold concentration but below the satiety threshold concentration (Norman and Tsibulsky, 2006) . Furthermore, the theory states that when cocaine concentrations are above the satiety threshold the time between successive administrations (T) varies as a function of the unit dose (Du) according to the equation T= ln(1+Du/Dst)/k, where Dst (satiety threshold) is the minimum concentration of cocaine at which a quantal pharmacodynamic response (lever press) occurs and k is the cocaine first-order elimination rate constant (Tsibulsky and Norman, 1999; Norman and Tsibulsky, 2006) . This is assumed to be directly proportional to a minimum concentration of dopamine at which a lever press is triggered (Wise et al., 1995) , and therefore, to a minimum fractional occupancy of a defined population of dopamine receptors (Norman et al., 2011a) . It is implicit in this mathematical model that the satiety threshold is constant during the maintenance phase of a self-administration session and this was confirmed by measuring the plasma cocaine concentration at the time of a lever press (Norman et al., 2011a) . Therefore, the satiety threshold over time represents an equiactive agonist concentration. It is also implicit in the mathematical model that the satiety threshold is independent of the cocaine unit dose.
This hypothesis was tested herein by measuring the plasma cocaine concentrations at the time of lever press during sessions in which different unit doses were self-administered. The time between successive self-administrations of cocaine is decreased by competitive antagonists of D 1 -like (Koob et al., 1987) and D 2 -like (Yokel and Wise, 1975 ) dopamine receptors. According to the above mentioned pharmacokinetic/pharmacodynamic theory of cocaine self-administration, this should be caused by an antagonist-induced increase in the cocaine satiety threshold. Whether the magnitude of the cocaine-induced response is dependent on, or independent of, the cocaine unit dose has implications for measuring the magnitude of effect of competitive antagonists of the receptors mediating the cocaine-induced response. Competitive antagonists increase the equiactive agonist concentration and the magnitude of this shift (agonist concentration ratio) is directly proportional to the antagonist concentration (Schild, 1957) . Although cocaine is an indirect agonist of dopamine receptors, the cocaine satiety threshold represents an equiactive cocaine concentration that is increased in the presence of dopamine receptor antagonists (Norman et al., 2011a) and the magnitude of the cocaine concentration ratio is directly proportional to the antagonist dose over a certain range of doses (Norman et al., 2011b) . However, all of these studies used only a single unit dose of cocaine. Importantly, if the response is quantal and occurs at a particular agonist concentration that is independent of the cocaine unit dose, then the magnitude of the antagonist-induced increase in satiety threshold should also be independent of the cocaine unit dose. This second hypothesis was also tested in the present studies and we report herein that despite the differences in the inter-injection intervals across an 8-fold range of cocaine unit doses, the magnitude of the maximal This article has not been copyedited and formatted. The final version may differ from this version. 
Methods
Cocaine self-administration training
Male Sprague-Dawley rats (from Harlan Laboratories, Indianapolis IN) with body weights of 350 -500 g over the duration of these studies were housed individually on a 12-h light-dark cycle (lights on at 6:00 a.m.) and food and water were available ad libitum. All studies were conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee at the University of Cincinnati. Surgical implantation and maintenance of i.v.
catheters, self-administration training procedures were completed as previously described (Tsibulsky and Norman, 2005 ) using a cocaine unit dose of 1.5 µmol/kg (0.5 mg/kg cocaine HCl). After self-administration was stably acquired during sessions conducted five days per week the unit dose was changed in each session over a range of 0.3 to 12 μ mol/kg (which corresponds to 0.1 to 4.0 mg/kg of cocaine HCl). During all sessions used in these studies every lever press resulted in a cocaine injection (Fixed Ratio-1 schedule). The duration of access to cocaine during each daily session was for approximately 120-150 min followed by a 20-40 min extinction phase after termination of access to cocaine.
Collection of blood samples during cocaine self-administration
This article has not been copyedited and formatted. The final version may differ from this version. In order to test the hypothesis that the satiety threshold was independent of the cocaine unit dose during the maintenance phase of self-administration sessions, the plasma cocaine concentration at the time of lever presses was measured during sessions in which rats self-administered one of a range of unit doses. The procedure was similar to that used in a previous study (Norman et al., 2011a) . Briefly, rats that reliably selfadministered cocaine via a jugular catheter were implanted with a second catheter in the left femoral vein for blood sampling. During sessions in which blood samples were collected at the time of a lever press, rats self-administered cocaine at a unit dose of 1.5, 3 or 6 μ mol/kg. After 60-90 min, when the inter-injection intervals were stable, rats were observed and after a self-injection of cocaine was complete the lever was disconnected.
The rats were then observed until they pressed the lever, at which time they were quickly removed from the chamber and a blood sample (approximately 100 -400 μl) was rapidly collected. The first 50 μl of the sample was discarded to avoid dilution of the blood with the heparinized saline within the catheter. The catheter was flushed with heparinized saline (50 μl), the rats were returned to the chamber, the lever was reconnected and selfadministration resumed. These samples contained the minimum plasma cocaine concentrations during the maintenance phase of the session and were assumed to correspond to the cocaine satiety threshold.
Analysis of plasma cocaine concentrations
This article has not been copyedited and formatted. The final version may differ from this version. The procedures used to collect blood, separate plasma and store it and then to chemically extract cocaine and measure cocaine concentrations using gas chromatography/mass spectroscopy were the same as previously described (Norman et al., 2007; Norman et al., 2011a) .
The effect of SCH23390 on self-administration of different cocaine unit doses
The sessions in which the magnitude of effect of SCH23390 was measured were conducted on Monday, Wednesday and Friday. On Tuesdays and Thursdays sessions were not run. At the start of each session the first four unit doses were 1.5 μ mol/kg.
Once the loading phase was complete and after stable self-administration was established, the unit dose was changed to one of either 0.75, 1.5, 3 or 6 μ mol/kg. After approximately 90-120 min of stable maintained self-administration, SCH23390 (15 nmol/kg (5 μ g/kg SCH23390 HCl) i.v.) was rapidly administered and the session continued. Because SCH23390 was expected to increase the rate of cocaine self-administration the 12 μ mol/kg unit dose was excluded from this phase of the study over concerns that the resulting peak cocaine concentrations may be lethal. At unit doses lower than 0.75 μ mol/kg the injection of SCH23390 caused a cessation of cocaine self-administration in a high proportion of sessions. The rate of self-administration was presented graphically as a cumulative event.
Real-time calculation of cocaine levels in the body
This article has not been copyedited and formatted. The final version may differ from this version. The cocaine level in the body was calculated by monitoring the amount that was administered and then using predetermined pharmacokinetic values to estimate the resulting levels in individual animals every second during each session. The volume of distribution of cocaine, approximately 1.3-1.9 l/kg, (Norman et al., 2011a ) was assumed to be constant for each rat and the cocaine level in the body was calculated according to a simplified linear equation for the zero-order input/first-order elimination kinetics for a two-compartment model as previously described in detail (Tsibulsky and Norman, 2005) .
Agonist concentration ratios
Based on receptor occupancy theory, the magnitude of competitive antagonist-induced increases in the equiactive agonist concentration (concentration ratio) should be directly proportional to the antagonist concentration (Schild, 1947; 1957; Colquhoun, 2007) . The mean of the values for the calculated level of cocaine at the time of each lever press during the maintenance phase, prior to the injection of antagonist, represented the baseline satiety threshold. As described previously (Norman et al., 2011b) , the level of cocaine at the time of each lever press after the injection of antagonist was divided by the baseline value for that session and the resulting value represented the cocaine concentration ratio. The maximal magnitude of SCH23390-induced increase in the cocaine concentration ratio was calculated by the mean of the 4-6 maximal values for the 0.75, 1.5 and 3 unit doses and the 2-4 maximal values at the 6 μ mol/kg unit dose. at the highest available purity and used without any further purification.
Materials
This article has not been copyedited and formatted. The final version may differ from this version. JPET Fast Forward. Published on December 4, 2013 as DOI: 10.1124/jpet.113.
Results
The cocaine satiety threshold is independent of the cocaine unit dose
As shown in Fig. 1 , the plasma cocaine concentration at the time of a lever press (satiety 
The unit dose-dependent rate of cocaine self-administration
As shown in the representative sessions in Fig. 2A , prior to the injection of SCH23390 the inter-injection intervals were stable at cocaine unit doses of 0.75 and 6 μ mol/kg and were proportional to the unit dose. The group mean ± S.E.M. inter-injection intervals for these rats were 1.8 ± 0.2 min (n = 6 rats) and 12.0 ± 0.7 min (n = 7 rats) at unit doses of 0.75 and 6.0 μ mol/kg, respectively. Consequently, the frequency of lever presses was approximately 6-7 times greater at the 0.75 compared to the 6.0 μ mol/kg unit dose. After the injection of SCH23390 the rate of self-administration increased at both unit doses.
The calculated cocaine satiety threshold was independent of the unit dose
Despite the approximately 7-fold difference in mean inter-injection intervals at these different unit doses, the calculated levels of cocaine at the time of each injection (shown in Fig. 2A ) prior to the injection of SCH23390 were similar (Fig. 2B) . The values for the group mean ± S.E.M. baseline satiety thresholds were 4.6 ± 0.4 (n = 6 rats), 4.2 ± 0.4 (n = 7 rats), 4.2 ± 0.4 (n = 7 rats) and 3.6 ± 0.2 μ mol/kg (n = 7 rats) at unit doses of 0.75, 1.5, Consistent with the representative sessions shown in Fig 2B, there was no significant difference (p = 0.9, one-way ANOVA) in the peak magnitude of the SCH23390-induced increase in the satiety threshold across the range of unit doses used (Fig. 3 ).
Discussion
During maintained cocaine self-administration, the plasma cocaine concentration corresponding to the satiety threshold is constant over several hours (Norman et al., 2011a) . It is now demonstrated that the satiety threshold is also constant across a range of cocaine unit doses. This validates a major assumption of the satiety threshold model of maintained cocaine self-administration (Tsibulsky and Norman, 1999) . Therefore, self-administration behavior represents a quantal pharmacodynamic response that occurs at the same cocaine concentration, which is independent of the agonist unit dose. This where the plasma concentration of amphetamine at the time of an attempt to selfadminister was constant during a session and constant across a range of unit doses (Yokel and Pickens, 1974) . As the concentration of cocaine at the time of each selfadministration is the same across unit doses, the corresponding increase in the interinjection intervals (Pickens and Thompson, 1968) cannot represent an increase in the magnitude of the cocaine-induced pharmacodynamic response. A more plausible explanation for the increase in inter-injection intervals as a function of the cocaine unit dose is that it takes longer for the higher concentrations of cocaine produced by the higher unit doses to decline back to the constant concentration at which the quantal pharmacodynamic response occurs (Tsibulsky and Norman, 1999; Norman et al., 2011a) .
Therefore, the increase in the inter-injection interval as a function of the unit dose represents an increase in the duration of the cocaine-induced satiety response (Tsibulsky and Norman, 2012) . the lower unit doses merely increase the frequency at which the cocaine satiety threshold is detected.
The cocaine satiety threshold represents an equiactive agonist concentration and competitive antagonists increase equiactive agonist concentrations (Schild, 1957) .
Indeed, competitive dopamine receptor antagonists increase the satiety threshold during maintained cocaine self-administration in rats (Norman et al., 2011a) . In the present study, the maximal magnitude of the increase in satiety threshold produced by a single dose of SCH23390 was independent of the cocaine unit dose. The same magnitude of effect of the antagonist at different unit doses is consistent with the unit dose changing the frequency with which the equiactive concentration of cocaine is measured. The lower the unit dose the higher is the temporal resolution of the antagonist effect, as illustrated by the greater than 7-fold increase in the number of measurements of the satiety threshold at 0.75 versus 6 µmol/kg cocaine unit doses. Importantly, when measuring the pharmacodynamic potency and pharmacokinetics of antagonists using cocaine selfadministration behavior (Norman et al., 2011b) multiple cocaine unit doses are redundant. The appropriate agonist unit dose can be selected by the investigator based entirely on practical considerations. For example, the time required to inject the antagonist during the session should not interfere with the next lever press. At low unit doses there is an increased probability that the time to inject an antagonist and return the animal to the chamber will exceed the time between lever presses. On the other hand, at higher unit doses the frequency of measurement of the cocaine satiety threshold is lower, This article has not been copyedited and formatted. The final version may differ from this version. which increases the probability of missing the time of the peak antagonist effect, and therefore, underestimating the antagonist potency.
Because the cocaine satiety threshold concentration is calculated based on an assumed elimination rate constant of cocaine, an important caveat is that the antagonist does not change this parameter, and then the mathematical model holds. Importantly, the dose of SCH23390 used in the present study has previously been shown to not change the elimination rate constant of cocaine in rats (Norman et al., 2011a) . Furthermore, in the present study, the lack of effect of the unit dose of cocaine on the time course of onset and disappearance of the SCH23390-induced increase in the cocaine satiety threshold indicates that cocaine does not alter the elimination rate constant for SCH23390 in rats.
In conclusion, the pharmacodynamic response is quantal in nature and the cocaine concentration at which the quantal response occurs is constant across a wide range of unit doses. The independence of the magnitude of antagonist-induced effect as a function of cocaine unit dose is consistent with the pharmacokinetic/pharmacodynamic explanation of the cocaine self-administration paradigm. The practical implication is that measurements of antagonist potency are appropriately accomplished using only a single cocaine unit dose, which can be selected on the basis of the required temporal resolution, and the use of multiple cocaine unit doses is redundant.
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